Abstract-A beam-steering device has been a key element for various sensing and imaging applications. We proposed a beamsteering device based on a vertical-cavity surface-emitting laser (VCSEL)-based waveguide structure. We show a giant steering angle and ultrahigh steering resolution at the same time by increasing the length of a device. In this paper, we present our high-resolution beam-steering concept based on VCSEL photonics. A steering angle of over 60
I. INTRODUCTION

B
EAM steering has been a key function for various sensing and imaging applications, such as projection displays, laser printers, and light detection and ranging (LIDAR) systems. Mechanical beam-steering devices such as polygonal mirror scanners have been widely used because of their wide deflection angle operations with high resolutions [1] - [4] . However, they are bulky and their beam-steering speed is limited because of their moving parts. A nonmechanical beam-steering approach is useful for various applications where the beam direction changes rapidly to random locations or when a system needs to be compact with good mechanical stabilities.
Various approaches for nonmechanical beam steering have been reported [5] - [21] , which include an optical phased array, a liquid crystal phase modulator, an electro-optic crystal deflector, an in-plane laser array, a photonic crystal laser, a phase-locked vertical-cavity surface-emitting laser (VCSEL), and so on. The beam-steering performance can be figured by a number of resolution points N , which is defined as distinguishable spot counts in far-field patterns. The N for mechanical deflectors can be larger than 1000 for practical application. It has been difficult to get a number of resolution points over 100 for nonmechanical beam-steering techniques. An optical phased array has been an interesting approach for realizing high-resolution beam steering [5] , [18] - [21] . The recent Si-photonics approach enables compact 2-D beam scanners [20] . However, it has been difficult in increasing the interelements in the array for increasing N and there is a limitation in free spectrum range (FSR) of operating wavelengths. Therefore, there is a strong demand for a compact and high-resolution beam-steering device, which can exhibit a large beam-steering angle and a small divergence angle at the same time.
We proposed a high-resolution beam-steering device based on a slow-light Bragg waveguide [22] . The structure is the same as that of VCSELs [23] . The scheme as a dispersive element is similar to a virtually imaged phased array (VIPA) [24] but in a different structure with a vertical microcavity. Beam steering can be obtained in such a dispersive element with wavelength tuning. We demonstrated a high-resolution beam-steering device with N of over 1000 for a few mm-long devices [25] - [28] . A unique feature is its large angular dispersion of 1-2
• /nm, which is an order larger than a conventional diffraction grating [29] and several times larger than that of VIPA [24] . Also, the FSR is over 100 nm, thanks to its vertical microcavity.
In this paper, we present the structure, the operating principle, and the beam-steering characteristics of beam-steering devices composed of a Bragg reflector waveguide in a passive or active fashion. We realize a beam-steering angle over 60
• and a number of resolution points over 1000, which is the record data in nonmechanical beam-steering devices. In addition, we discuss some future prospects of on-chip integration with a VCSEL. We demonstrate the on-chip beam steering based on a Bragg reflector waveguide laterally integrated with a VCSEL [30] . We also show additional functionalities of the creation of vortex beams and the amplitude modulation with beam steering.
II. LARGE ANGULAR DISPERSION IN A BRAGG REFLECTOR WAVEGUIDE
A schematic structure of our beam-steering device is shown in Fig. 1 . The structure in the vertical direction is the same as a conventional 980-nm VCSEL. An active region (QWs) is sandwiched by two distributed Bragg reflectors (DBRs). This waveguide structure is the so-called Bragg reflector waveguide [31] . We see large waveguide dispersion in Bragg reflector waveguides [32] , resulting in slowing light [33] . Slowing light is an interesting phenomenon that reveals a new route to control light [34] - [36] . It can enable a strong light-matter interaction and introduce larger nonlinearity as well as large dispersion. In recently years, slow light has been attracting much interest for building optical functional devices such as tunable optical delay lines, switches, modulators, and amplifiers in different types of waveguides [37] - [39] . Here, we focus on a high-resolution beam steering based on a slow-light Bragg reflector waveguide [22] .
If we excite a slow-light mode along the Bragg reflector waveguide, a beam of high spatial coherency can be obtained from the waveguide surface as shown in Fig. 1 . This output would be similar to a VIPA [24] , which provides large angular dispersion. In Fig. 1 , we illustrate the device cross-sectional layer design and an excited slow-light mode in simulation. The number of DBR pairs can be designed to precisely control the mirror reflectance and, hence, the propagation loss. Here, the numbers of pairs are 28 and 40 for top and bottom DBRs, respectively. Singlemode propagation is possible when a lateral oxide-confinement aperture is narrow enough. The top-mirror reflectivity, which depends on the number of DBR pairs, is important to increase the effective radiation length. The bottom mirror is composed of 40 pairs of GaAs/AlAs DBR, providing full reflection. Electrodes are placed for current injection to the amplifier. The oxidization confinement layer is designed to guide the light mode laterally. The radiation through the top mirror results in a decay of slow-light intensity distribution. The loss can be compensated by adding gain in the active region with current injection. By adjusting the injecting current, we expect to get a near-uniform distribution of the radiation along the propagation direction.
The angle of radiation, which is called a deflection angle θ r , is determined by the mode traveling angle θ i as shown in Fig. 1 following Snell's Law. It is noted that the slow-light mode propagation constant β is determined by the vector numbers of waveguide cut-off condition κ c and input light k 1 , which are approximately expressed by 2πn wg /λ c and 2πn wg /λ, respectively, where n wg and λ c are the refractive index and the cut-off wavelength of the waveguide. From k
, β is strongly dependent on the wavelength near the cut-off condition. Therefore, by tuning the input wavelength, we are able to steer the radiation beam. It is noted that β is highly dispersive in a Bragg reflector waveguide [32] . As a result, a large change in a deflection angle can be obtained with tuning the wavelength or tuning the refractive index of the waveguide material. By replacing the DBRs by perfect electric conductor walls for the TE mode [22] , [40] , [43] , the equivalent refractive index n eq (=β × λ/2π) and the deflection angle θ r are approximately given by
The waveguide material refractive index n wg is around 3.5 for 980-nm light and has small dispersion. Fig. 2 shows the calculated dispersion of the equivalent refractive index. Large dispersion can be seen especially near the cut-off condition. Therefore, we realize beam steering of the radiated light if we tune the incident light wavelength. The calculated angular dispersion −dθ/dλ is also plotted in Fig. 2 , which is an order of magnitude larger than conventional diffraction grating. We carried out a full-vectorial numerical simulation on the radiation field from the slow-light amplifier using a film-mode-matching method [41] (FIMMWAVE, Photon Design Co.) applying a simulation structure more close to the real one. The calculated amplitudes of electric fields for a TE-mode input are shown in Fig. 3 for different wavelengths. The deflection angle is strongly dependent on the wavelength. We can see from this graphical view Fig. 4 . Deflection angle for different wavelengths obtained from numerical simulation and analytic formula [22] .
that the deflection angle increases when λ is tuned away from λ c . At the same time, we are able to observe very clear parallel lines, which indicate the constant phase front of the radiation beam.
The calculated deflection angle in the analytic form in (1) is illustrated as the dashed line in Fig. 4 [22] . The analytical calculation is an approximation neglecting the field penetration in DBRs. The result from the simulator is also illustrated in Fig. 4 by the solid line. The curve is similar to that from the analytic formula. The maximum deflection angle can be larger than 80
• for wavelength tuning of over 50 nm from the cut-off wavelength. It is important to investigate the steering resolution. The number of resolution points N , which is defined as the ratio of the maximum deflection angle θ r max and a divergence angle θ div , is used to evaluate the figure of merits in beam steering. Therefore, in addition to the maximum deflection angle θ r max , a beam divergence angle θ div is another important factor. The radiation emitting from the waveguide surface is highly coherent and the intensity decays exponentially due to a propagation loss. The divergence angle θ div is inversely proportional to the effective propagation length L eff (1/e decay length) according to the diffraction limit. If the waveguide length is infinite, the diffraction pattern of the radiated intensity I(Δθ) is expressed by a Lorentzian function given by
Here, Δθ denotes the deviation angle from the peak. Thus, the divergence angle is inversely proportional to the effective propagation length L eff . Fig. 5 shows the calculated divergence angle (full width at half-maximum, FWHM) and the number of resolution points as a function of the effective propagation length for different maximum steering ranges. The effective length can be increased by reducing the propagation loss; thus, it is possible to obtain a very small divergence angle by keeping a large tunable steering range. We expect super-high-resolution beam steering with N over 1000 for 1-mm-long devices. More accurate values can be given by applying the Fourier transform of the radiation profile on the finite waveguide surface as discussed in a phase-locked VCSEL array [42] . 
III. BEAM-STEERING EXPERIMENT
A. Active Beam-Steering Devices
We fabricated an active-type Bragg reflector waveguide [25] , [26] . The device structure is illustrated in Fig. 6 . In order to excite a slow-light mode, we used a tilt-coupling scheme through a lensed fiber [33] . The device is fabricated on a wafer grown by metal organic chemical vapor deposition (MOCVD). The active region contains three 980-nm-band GaInAs/GaAs quantum wells (3QWs). We carried out two times inductively coupled plasma (ICP) etching process to form the waveguide structure and fiber coupling region with different etching depths. The numbers of DBR pairs for the top mirror and bottom mirror are 20 and 40, respectively. First, ICP etches until the bottom mirror, while the second time ICP left nine pairs of a top DBR in order to get a high coupling efficiency. Then, p-and n-type electrodes are formed on both sides of the wafer. In Fig. 6 , we show the top view of a fabricated 1-mm-long device.
A charge-coupled device camera is set above the device for capturing the far-field patterns (FFPs) and the near-field patterns (NFPs) at the same time. We measured the device with 50-mA current injection. Fig. 7 (a) and (b) shows the FFP images and intensity profiles, respectively. Continuous deflection angle change for input wavelengths of 961-976 nm is obtained. The angle shifts over 20
• . The divergence angle (FWHM) in the orthogonal direction is 10
• , which is determined by the lateral spot size of an oxide-confined waveguide. The intensities at each wavelength are individually normalized by their peak intensities. We need to refrain from lasing in this VCSEL-like device, because a stimulated emission will deplete the active gain. At the moment, a lateral lasing happens first; thus, we need to design an absorption region or antireflection coating at the end of the waveguide, if we wish to pump harder. Alternatively, we are also able to design passive waveguides with extremely low propagation loss in order to get a sharper FFP profile. We fixed the polarization state of a TE mode in the present experiment.
The coupling efficiency from a fiber to slow-light mode is larger than 10 dB. It is because the input fiber position and the input angle are fixed and optimized for shorter wavelengths. In simulation, 2 dB coupling efficiency can be obtained optimally [22] . Experimental demonstration was reported previously in a similar device [33] .
B. Passive Beam-Steering Devices
For higher resolutions, we designed and fabricated a low-loss passive-type device as shown in Fig. 8 [28] . The active region was replaced by a transparent bulk GaAs core, and the DBR multilayers are undoped for reducing the material absorption. The pair numbers for the top DBR and the bottom DBR are 28 and 40, respectively. As a result, the slow-light propagation loss is dramatically reduced, and hence, the effective propagation length is increased for a wide wavelength range. This fact results in an ultralow output divergence angle. Fig. 9 shows the measured FFP profiles for a wavelength range from 952 to 989 nm for a TE mode input. The intensities are also individually normalized. The length of the measured device is 5 mm. The cut-off wavelength λ c in this passive-type device is 990 nm, which is about 8 nm longer than that of the active-type device, so the deflection angles are correspondingly shifted. Fig. 10 shows the measured deflection angle versus wavelength together with a numerical simulation result. We could get continuous beam steering with a steering range of over 60
• . The result well agrees with the numerical simulation, which also shows a large angular dispersion of below −1.5 • /nm. A higher resolution measurement setup with a resolution of below 0.004
• incorporating with a collimator is used. Fig. 11 shows the magnified FFP profile of a single-spectral line at 972 nm. Its FWHM is as narrow as 0.025
• . Some tails are found beside the main peaks. They are caused by the interference between the output radiation and the reflection light at an input. Fig. 12 shows the measured NFPs. The camera angle α is set to be 30
• in order to capture the radiation beam. Due to the defocusing effect, we need to adjust the focus for observations at different positions of a 5-mm-long waveguide. The top and the bottom in Fig. 12(a) and (b) show the input and the end position for a 5-mm-long device, respectively. Although radiation intensity decreases with propagation, we can clearly observe out-coupling at the end of the device. The 1/e attenuation gives an estimation of a propagation length of 2-3 mm.
The measured divergence angles as a function of wavelengths are shown in Fig. 13 in comparison with the calculation by Fourier transform of the radiation profile on the waveguide surface. In the modeling, the propagation loss is determined by the radiation through a top DBR. Both are almost in agreement with each other. For a tuning range of 28 nm (958-986 nm), the measured divergence could be below 0.040
• . Considering the corresponding steering range of 41
• in the entire tuning range, we achieved a record number of resolution points N larger than 1000. Further improvements can be made after reducing the propagation loss and increasing the device length. The number of resolution points in beam steering with various dispersion elements is summarized in Fig. 14 [43] . If we look at the maximum steering angle Δθ, which is the product of angular dispersion dθ/dλ and optical bandwidth Δλ, our device shows distinguished performances over other types of dispersion elements. Diffraction grating has dθ/dλ of smaller than 0.05
• /nm, and hence Δθ is limited. For VIPA, dθ/dλ can be increased by a factor of over 10, but Δλ is strictly limited by its small FSR. We could see that our device has dθ/dλ of 1-2
• /nm, doubling that of VIPA. In addition, due to its large FSR of over 100 nm, Δθ is determined by the tuning range of input light. We expect a number of resolution points over a few thousands for an extended device to super-high-resolution beam steering.
Instead of wavelength-tuned beam steering, it is also interesting to offer beam steering at a fixed wavelength. We can do that because the deflection angle of the radiation beam is dependent on the waveguide refractive index, which is in a linear relationship with temperature. We demonstrated a beam-steering device operated by both direct heating and electrothermal heating. The device is similar to that in Fig. 7 . A change larger than 7
• in the deflection angle was obtained for temperature changes of 60 K. We also carried out electrothermal steering. The temperature increase is induced by pumping the amplifier harder. By electrical pumping of 400 mA for a 1-mm-long amplifier waveguide, we obtained over 6
• steering in the deflection angle. Integrating microheaters is our next goal. We believe that a larger steering ability can be achieved and a higher tuning efficiency is expected.
IV. ON-CHIP BEAM SCANNER INTEGRATED WITH VCSEL
We fabricate a VCSEL-based on-chip beam scanner involving a 980-nm VCSEL with a laterally coupled slow-light Bragg reflector waveguide [45] . The schematic structure of an integrated device with 980-nm InGaAs VCSEL and a laterally coupled slow-light waveguide [44] is shown in Fig. 15(a) . The fabricated device consists of 25-pair Al 0.16 Ga 0.84 As/Al 0.92 Ga 0.08 As top DBR, 40-pair bottom DBR, and λ-cavity containing three In 0.2 Ga 0.8 As MQWs. The vertical emission of the VCSEL is inhibited by covering with a top Au electrode. The active region of a VCSEL and the lateral confinement of a slow waveguide are defined by an oxide-confinement structure. A VCSEL and a slow-light waveguide are directly coupled without inserting an oxidation layer in between. The gain region of the VCSEL is 12 μm × 12 μm. We formed additional electrode on a slow-light waveguide for electrothermal tuning of the refractive index of the slow-light waveguide. The spacing between the top electrodes of the VCSEL and the slow-light waveguide is 40 μm. The fabrication process is the same as conventional VCSELs. Fig. 15(b) shows the measured FFP when an injection current into VCSEL is 6.8 mA. We can see the lateral optical excitation of a slow-light mode from a VCSEL to a Bragg reflector waveguide. According to the propagation length (20 μm) observed in NFP, we estimate a divergence angle of 2.4
• , which is in agreement of a measured value in the FFP. This indicates that the radiated field from the Bragg reflector waveguide is diffraction limited. We form an on-chip heater between the two top electrodes by controlling the surface current (I HEAT ). When we increase I HEAT , the waveguide is heated up and λ c is larger and hence the deflection angle is increased. On the other hand, if we keep λ c constant while thermally changing the lasing wavelength by increasing the VCSEL current, the deflection angle can be decreased. Fig. 16 shows the measured FFPs for various I HEAT . We obtained thermal continuous beam steering over 9
• . From the experiment, we estimate a local temperature change of approximately 50 K. The number of resolution points, which is defined by the ratio of beam-steering range and divergence angle, is limited below 4 in the present device. We see the noticeable broadening and multiple peaks in FFPs by increasing I HEAT in Fig. 16 . These side lobes would be due to the interference between the radiation from the slow-light waveguide and the scattering light from the edge of the VCSEL, which should be avoided to improve the resolution. We expect a much larger number of resolution points over 100 by increasing the propagation length over 500 μm in the Bragg reflector waveguide, which could be realized by increasing an injection current in the waveguide to compensate a propagation loss.
Another possibility for on-chip beam scanners is to integrate a slow-light amplifier and a tunable MEMS VCSEL [46] with a lateral optical coupling scheme as shown in Fig. 17(a) [47] . It is composed of a Bragg-reflector-based slow-light semiconductor optical amplifier (SOA) and a cantilever-type microelectromechanical (MEMS) VCSEL [47] . The layer structure is similar to the MEMS VCSEL including an active layer; an oxideconfinement layer and variable air gap are sandwiched by top and bottom DBRs. The top-DBR mirror is freely suspended and can be actuated mechanically, which leads to the wide tunable operation as in tunable MEMS VCSELs. On the other hand, the top DBR of the slow-light SOA is fixed. There is a tapered transition region between the VCSEL and the SOA, which changes the air gap linearly. In the VCSEL section and the taper section, vertical radiation is suppressed by a 40-pair top mirror whose reflectivity is nearly 100%. The slow-light propagation mode in the SOA can be excited directly from the MEMS VCSEL as presented in the previous section. The taper transition section changes the propagation constant of a slow-light propagation mode adiabatically. Optical output is taken from the surface of the slow-light SOA section by reducing its top DBR's pair.
The coherent beam is radiated from the surface of the SOA, and it forms constant phase fronts. The deflection angle can be widely changed by means of sweeping the lasing wavelength near the cut-off wavelength of a slow-light waveguide because the equivalent index of the slow light shows giant dispersion near the cut-off wavelength. The layer structure is designed to have a cut-off wavelength of 982 nm, which corresponds to the resonant wavelength for normal incident plane wave in a vertical direction. We calculated the distribution of the electric field amplitude in different wavelengths by using a film-mode-matching method (FIMMWAVE, Photon Design Co.). Fig. 17(b) shows the electric field amplitude distribution during the wavelength tuning of an MEMS VCSEL with a varied air gap [47] . Highly coherent beams are radiated from the surface of the SOA. A change in the radiation angle is as large as 31
• for wavelength tuning of 24 nm. A 3-dB saturation power of more than 10 mW with a small-signal gain of 24 dB is predicted for a 1-mm-long SOA. Even if the SOA is driven in the saturation regime, we are able to get a very sharp beam having a divergence angle below 0.1
• and an output power of several tens of milliwatts for 1-mmlong SOA. Thus, a large number of resolution points over 300 can be expected for our compact on-chip scanner. The actuation range of the MEMS mirror is 290 nm for a scanning range of 31
• . Thus, the required resolution in its displacement is around 1 nm in order to achieve a number of resolution points over 300. While the proposed MEMS approach is not nonmechanical, its tiny structure gives us reasonably high steering speed.
V. CREATION OF A VORTEX BEAM
Optical vortex beams, which have cylindrically symmetric irradiance, helical phase fronts, and an azimuthal component of the wave vector, can carry orbital angular momentum [48] . These circularly polarized vortex beams have various unique features and are attracting much attention for various applications such as optical manipulation, optical tweezers, optical imaging, astronomy, quantum information processing, and high-capacity optical communications [49] - [51] . Optical vortex beams have been created by passing Gaussian light beams through optical elements, including computer generated holograms, spiral phase plates, and so on [52] . A recent activity includes compact photonic integrated circuits based on Si-photonics [53] . Here, we propose and demonstrate the creation of vortex beams by using a ring-shaped Bragg reflector waveguide. Fig. 18(a) shows the schematic structure of an integrated optical vortex beam emitter. The working principle of the angular diffraction element is analogous to that of the straight Bragg reflector waveguide discussed in the previous sections. The wavefront of the radiated light is a plane tilted at angle. If the waveguide is curved to form a loop, the wavefront of the radiated light should skew in the azimuthal direction and hence an optical vortex beam can be created with helical phase fronts and an azimuthal component of the wave vector.
We fabricated a curved Bragg reflector waveguide to form a ring shape with a diameter of 50 μm [54] . The vertical waveguide structure is the same as the passive beam-steering device shown in Section III-B. The waveguide consists of a transparent bulk GaAs core, the 28-pair top DBR, and the 40-pair bottom DBR. The curved waveguide was formed by a standard lithography followed by ICP dry etching. Observed sidewall roughness causes noticeable scattering losses, which could be avoided by the oxidation process used in the straight waveguide in Section III-B. We excited a slow-light mode through a coupling region with a reduced number of the top DBR by using a tilt-coupling scheme of a lensed fiber in the same way as a straight waveguide. Fig. 18(b) shows the measured NFP. While a scattering loss causes the decay of the intensity along the ring, we could see a circular NFP.
It is noted that the tilt angle of the wavefront of a radiated light is highly dependent on the wavelength and thus can be tuned by changing wavelength. Fig. 19(a) and (b) shows the measured and calculated FFPs with different wavelengths from 980.0 to 981.4 nm. Both are in good agreement. We could observe ringshaped FFPs with tunable divergence angles. Our vortex emitters can be integrated with a VCSEL for potential applications on mode multiplexing in a multimode fiber.
VI. AMPLITUDE MODULATION IN BEAM STEERING
An optical modulator with low driving voltages is attracting much interest for high-speed operations and low-power consumptions. There have been reports demonstrating modulators with a driving voltage below 1 V [55] - [57] . However, they are always at a cost of either narrow optical bandwidths or long device lengths. Electroabsorption (EA) modulators employing the quantum-confined Stark effect (QCSE) have shown good results in obtaining broad optical bandwidths and high-speed opera- tion [58] . But there have been difficulties in getting a modulator voltage below 1 V in particular for miniature EA modulators. If we could manage in reducing the light group velocity in EA modulators, QCSE will be significantly enhanced, thanks to the higher light-matter interaction brought by the slowing light effect [34] , [35] . The slow-light-induced enhancement enables low driving voltages.
The same device structure shown in Fig. 6 functions as an intensity modulator by applying a reverse-bias voltage in QWs. We demonstrate the additional function of amplitude modulation for beam-steering devices [59] . The device structure measured here is the same as Fig. 6 . An input light is coupled through a lensed fiber to the device and propagates along the waveguide. It can promote stronger light-matter interaction inside, thanks to slowing light. The group index is as large as 20, which makes an EA effect larger. If we apply a reverse-bias voltage in QWs, the increased EA due to QCSE decreases the radiated intensity. If we look at the FFP, the radiated intensity is weakened.
NFPs with different bias voltages for a 961-nm input light are shown in Fig. 20(a) [59] . We could observe noticeable change in the radiation pattern (propagation distance) even by a low voltage of only 0.5 V. FFPs and intensity profiles are shown in Fig. 20(b) [59] . A change in the intensity profile is clearly observed. Also, we can see that the deflection angle of the output beam generally keeps constant. Under 0 V bias, the divergence angle is around 0.6
• , which corresponds to a propagation distance of 120-130 μm. An extinction ratio of 5 dB is obtained for a voltage of 0.5 V at 961-963 nm. This voltage is one of the smallest numbers ever reported in compact semiconductor modulators. An extinction ratio of 10 dB can be obtained at a drive voltage below 1 V. The optical bandwidth observed in this experiment has not shown the best performance due to a limitation in laser source tuning range used in the experiment. It may have a potential to get an optical bandwidth larger than 10 nm for 5 dB modulation under subvolt operations. We could offer the additional function of amplitude modulation with beam steering for use in free-space optical switching and wavelength routing VII. CONCLUSION We present the theoretical basis and beam-steering characteristics of VCSEL-based beam-steering devices. A Bragg reflector waveguide offers large angular dispersion, which is ten times larger than conventional diffraction grating. At the same time, we could get a large FSR of over 100 nm, thanks to its vertical microcavity. The deflection angle of the radiation rotates over 60
• with tuning the input wavelength and the result well agrees with calculation. By compensating the radiation loss via current injection, the effective propagation length is increased, and hence, the beam divergence is getting narrower below 0.1
• . We also developed a low-loss passive Bragg reflector waveguide composed of transparent materials. A number of resolution points could be scaled up to over 1000 by increasing the effective length in millimeter ranges, which is the highest number in nonmechanical beam-steering devices. We also demonstrated the on-chip integration of a beam-steering function with a VCSEL. In addition, we demonstrate additional functionalities of the creation of vortex beams and the amplitude modulation with beam steering by applying a reverse-bias voltage below 1 V. The result shows a potential of compact and ultrahigh-resolution beam-steering device with N of a few thousands or beyond.
While we focused on a 980-nm wavelength band in this paper, the wavelength band can be flexible by changing layer thicknesses and by choosing suitable materials since there have been a lot of VCSEL activities in a wide spectral range from visible to infrared regions. We see a lot of challenges for future work such as further improvements toward superhigh resolutions, 2-D beam steering, the monolithic integration with a widely tunable VCSEL, high-speed steering via an electro-optic effect, and so on. The proposed concept may open up high-performance beam scanners in sensing and imaging application. Also, we expect a large-scale optical routing and switching building block in compact fashion for DWDM systems.
